Estrogen is implicated in many autoimmune diseases and is a robust immunomodulator. For example, it regulates interferon (IFN)-
I
T IS NOW well appreciated that nitric oxide has broad physiological and pathological effects on many tissues including the immune system (1, 2) . Nitric oxide, a shortlived (t 1/2 sec) but highly reactive biomolecule, rapidly diffuses through membranes and readily reacts with diverse substances in a wide range of cell types. Nitric oxide is known to interact with: aqueous oxygen (to produce relatively unreactive nitrate and nitrite), transition metals (to form metal-nitric oxide adducts), superoxide (to generate highly toxic peroxynitrite), heme, Fe-S clusters, Zn-S clusters, and sulfadyryl clusters (to exert distinct biological effects) (3) (4) (5) (6) . It is therefore not surprising that nitric oxide plays a central role in the physiology and pathology of various tissues. Nitric oxide is generated by nitric oxide synthases (NOS), which catalyze the production of nitric oxide and l-citrulline from l-arginine in the presence of nicotinamide adenine dinucleotide phosphate reduced (NADPH)-derived electrons and O 2 . There are three well-known isoforms of NOSs: neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS) (2) . In lymphoid tissues, iNOS is the principal isoform of iNOS. Macrophages appear to be a major source of iNOS (1, 2, 7) . The iNOS differs from other two NOS isoforms (eNOS and nNOS) in at least two main aspects: 1) iNOS is not constitutively present but rather is induced by cytokines, e.g. interferon (IFN)-␥, TNF␣, or other immunological stimuli (e.g. lipopolysaccharides), and 2) relatively high levels of nitric oxide (in the nanomolar range) are generated by iNOS.
The role of nitric oxide in immunity is well appreciated (2, 8) . For example, the healing of excisional wounds is significantly delayed in iNOS-deficient mice when compared with wild-type mice (2) . Nitric oxide-derived from iNOS is critical for controlling infections (1, 9, 10) . Infected or activated macrophages produce nitric oxide derived from iNOS, which assists in killing the invading microbes by increasing doublestranded DNA (dsDNA) breaks and oxidation of lipids and DNA. Moreover, nitric oxide will interact with oxygen-free radicals such as superoxide to result in highly toxic peroxynitrite. Nitric oxide may also play a pivotal role in inflammation by increasing the production and/or increasing the enzymatic activity of cyclooxygenase-2 (COX-2) (11, 12) . COX-2 is inducible directly or indirectly by nitric oxide. It is expressed in many cells, especially in macrophages and monocytes (13) (14) (15) (16) (17) .
Whereas an appropriate increase in nitric oxide is critical for effective immunity, aberrant levels of nitric oxide have been associated with many pathological conditions such as neurodegenerative disorders, apoptosis, hypertension, hypercholestrolemia, diabetes, heart failure, infections, autoimmune diseases, asthma, and septic shock (1, 18 -20) . Autoimmune diseases such as rheumatoid arthritis, multiple sclerosis, systemic lupus erythematosus, and glomerulonephritis associated with increased IFN␥ levels demonstrate high expression of iNOS and nitric oxide (1, 19 ). This implies that the level of nitric oxide and the duration of its presence must be regulated to maintain health. One of the important regulators of NOS is estrogen. In several nonimmune tissues, estrogen has been shown to be a powerful regulator of nitric oxide that is presumably generated by nNOS and eNOS (21, 22) . Whereas estrogen has been shown to regulate nitric oxide in nonimmune (reproductive and nervous) tissues, there is little information on the regulation of nitric oxide by estrogen in immune tissues, particularly in relation to Tmacrophage interactions. Therefore, this study addresses this important aspect. It is especially appropriate, considering that estrogen is implicated in many inflammatory and autoimmune diseases (23) (24) (25) (26) (27) (28) (29) and has recently been shown by us (30, 31) and others (32) to up-regulate IFN␥ in activated splenocytes. To date, there have been no studies that have addressed the relationship among IFN␥, iNOS/nitric oxide, and COX-2 in T cell-activated splenocytes in relation to estrogen treatment. This is the first study that establishes such a link.
Materials and Methods Mice
Three-to 4-wk-old C57BL/6 wild-type male mice were obtained from Charles River Laboratories (Wilmington, MA) and housed three to five animals per cage. C57BL/6 mice with IFN␥ gene deleted (IFN␥ knockout mice) were obtained from Jackson Laboratories (Bar Harbor, ME) and C57BL/6 mice with interferon regulatory factor-1 (IRF)-1 gene deleted (IRF-1 knockout mice) were obtained from Amgen (a kind gift from Dr. Georgio Senaldi, Thousand Oaks, CA). Mice were housed in standard cages, fed a diet devoid of phytoestrogens and synthetic estrogens, and housed in rooms on a 14-h light, 10-h dark cycle at the Center for Molecular Medicine and Infectious Diseases animal laboratory facility. All animal procedures including housing, treatment, and termination (by cervical dislocation) were approved by Animal Care Committee of Virginia Polytechnic Institute and State University Institutional Animal Care guidelines.
Estrogen treatment
Four-to 5-wk-old mice were orchiectomized and given SILASTIC brand implants (Dow Corning Corp., Midland, MI) that were either placebo (empty implant as a control) or estrogen implants containing 17␤-estradiol (Sigma-Aldrich Inc., St. Louis, MO) by standard procedures that have been extensively reported previously (30, 31, 33, 34). Mice were killed after 1-2 months of treatment.
Isolation of splenic lymphocytes
Spleens were collected under sterile conditions, and lymphocytes were isolated according to our previously published methods (30, 31, 35) . Briefly, spleens were gently dissociated by teasing on a sterile 60-mesh steel screen (Sigma-Aldrich). The cell suspensions were washed in incomplete RPMI 1640 media (CellGro, Mediatech, Herndon, VA). Lymphocytes were enriched by removing red blood cells from splenocytes after treating with ACK lysis buffer [0.15 m NH 4 Cl, 1.0 mm KHCO 3 , 0.1 mm Na 2 EDTA (pH 7.4)] (36). Care was taken to culture cells in phenol-red-deficient media (because phenol-red is estrogenic) and charcoal-stripped fetal bovine serum (to remove estrogens and estrogenbinding proteins) to ensure that estrogen exposure was restricted to the in vivo period only. Cells were thus washed and suspended in phenol red-free RPMI 1640 media (Mediatech) that was supplemented with 10% charcoal-stripped, heat-inactivated fetal bovine serum (Atlanta Biologicals, Atlanta, GA), 200 m l-glutamine (Mediatech), 5000 IU/ml penicillin, 5000 g/ml streptomycin (Mediatech), and 5 ml of 100 ϫ nonessential amino acids (Mediatech). Isolated lymphocytes were then counted, and cell viability was assessed by the trypan blue exclusion method as described in our earlier studies (35). Cell numbers were assessed with a CASY-1 cell counter and analyzer system (Scharfe System GmbH, Reutingen, Germany) and adjusted to 5 ϫ 10 6 cells/ml as described in our previous studies (35). According to our experience and the manufacturer's instructions, cells ranging from 5 to 10 m predominantly constitute the lymphocyte population in mice (35, 37). Cells beyond 10 m are generally aggregate cells and cellular debris and were a minor subpopulation.
Culture of lymphocytes
Five hundred microliters of cells at 5 ϫ 10 6 cells/ml were added to 24-well, round, flat-bottomed plates containing 500 l/well of complete phenol red-free RPMI 1640 media with or without the T cell mitogen, concanavalin-A (Con-A, a mitogenic dose at 10 g/ml; Sigma-Aldrich) or anti-CD3 antibodies (a mitogenic dose at 10 g/ml; eBioscience Inc., San Diego, CA). In selected experiments, low dose of Con-A (1 g/ml) or anti-CD3 antibodies (low doses at 0.1 or 1 g/ml) were used. Additionally, in some cultures, cells were exposed to Con-A (10 g/ml) in the presence or absence of CTLA-4Ig fusion protein (15 g/ml) (Alexis Biochemicals, San Diego, CA). The CTLA-4Ig fusion protein blocks the interaction of B7.1/B7.2 molecules (on antigen-presenting cells such as macrophages) with CD28 costimulatory molecules (on T cells). To investigate the direct in vitro response of splenocytes from estrogen-or placebo-treated wild-type or IFN␥-deficient mice to recombinant IFN␥, cells were cultured with recombinant IFN␥ (rIFN␥; 1000 pg/ml or 10 ng/ml; BD PharMingen, San Diego, CA). Cell cultures were incubated for 24 or 48 h at 37 C with a 5% CO 2 environment. Supernatants were collected in microcentrifuge tubes and centrifuged at 5000 rpm for 5 min to collect the cellular fractions and supernatants, which were immediately frozen at Ϫ70 C until use.
Determination of IFN␥ protein
Levels of IFN␥ in the supernatants of activated lymphocytes in culture were analyzed with an IFN␥-specific ELISA that has been extensively described previously (30, 31). Briefly, 96-well Maxisorp high binding immunoassay plates were coated overnight with anti-IFN␥ antibodies (anti-IFN␥ clone R4-6A2, ATCC, HB-170; BD PharMingen) in PBS and then blocked with 2% BSA for 1 h. Plates were incubated for 2 h with either supernatants (diluted as necessary) or serial dilutions of known concentrations of IFN␥ to generate a standard curve. Next, biotin-conjugated anti-IFN␥ antibodies (BD PharMingen) were applied to the plates for 1 h and then overlaid with an avidin-horseradish peroxidase solution (Vector Laboratories, Burlingame, CA). The color was developed using 3,3Ј,5,5Ј-tetramethylbenzidine as the substrate (KPL, Gaithersburg, MD) and 0.18 m sulfuric acid to stop the reaction. Plates were read at 450 nm with an ELISA reader (Molecular Devices, Sunnyvale, CA). The IFN␥ protein levels were calculated with the formula obtained from the standards using SoftMax Pro software (Molecular Devices).
Isolation of RNA, cDNA synthesis, and primer design RNA was isolated from splenic lymphocytes that were cultured for 24 h in media alone (unstimulated) or stimulated with Con-A by using RNeasy minicolumns (QIAGEN Inc., Valencia, CA) per the manufacturer's instructions. After the elution of RNA with sterile water from RNeasy columns, RNA was used to synthesize cDNA using the Super-Script first-stand synthesis system following the manufacturer's instructions (Invitrogen Corp., Carlsbad, CA). Primers were designed to span a large segment of the target genes, without regard to introns, using an online program: Primer 3 (http://www-genome.wi.mit.edu/cgi-bin/ primer/primer3_www.cgi). The primers were designed with reference to the cDNA sequences, and the intent was to amplify large fragments. Designed primers were as follows: ␤-actin (965 bp), forward 5Ј-ATT-GTTACCAACTGGGACGA-3Ј, reverse 5Ј-CTGCGCAAGTTAGGTTT-TGT-3Ј; and iNOS (854 bp), forward 5Ј-TGTGTTCCACCAGGAGATGT-3Ј, reverse 5Ј-AGGTGAGCTGAACGAGGAG-3Ј (One Trick Pony Oligos, Ransom Hill Bioscience, Ramona, CA).
RT-PCR assay
The RT-PCR was used to detect ␤-actin and iNOS mRNA expression for the generation of standards. After cDNA synthesis, the PCRs were performed using Platinium PCR SuperMix (Invitrogen) per the manufacturer's instructions. The ␤-actin and iNOS primers were purchased from Maxim Biotech Inc. (San Francisco, CA). The PCR was performed, using an Eppendorf mastercycler gradient, under the following conditions: 35 cycles of 94 C for 1 min, annealing at 58 C for 1 min, and amplification at 72 C for 1 min. At the end of the RT-PCR, 12 l of PCR products were run on a 2% agarose gel containing ethidium bromide (10 l per 100 ml of gel). Photographs of the PCR products were taken and the density of bands determined by scanning densitometry and a Kodak Image Station (PerkinElmer Life Sciences Inc., Wellesley, MA). The data were normalized to ␤-actin, a housekeeping gene, and expressed as relative densities. To permit direct quantification, sets of primers were used to amplify target cDNA without coamplifying the potentially contaminating genomic DNA. The PCR products obtained from the large fragments were used for the generation of a standard curve for real time-PCR analysis. These products were visualized over UV light.
Extraction of target genes
The PCR products were excised from the agarose gel and isolated using a MinElute Extraction kit according to the manufacturer's instructions (QIAGEN) to be used for the generation of standards and the standard curve method. Briefly, the gel slice was weighed and 3 vol of buffer AG were added to 1 vol gel. The gel was incubated at 50 C for 10 min and vortexed every 2-3 min during the incubation. After the gel was dissolved completely, 1 vol isopropanol was added, mixed via inverting, applied to the MinElute column, and centrifuged for 1 min. After discarding the flow-through, the column was applied with buffer QG and spun for one minute. The MinElute column was washed with buffer PE and DNA was eluted using DNase-RNase-free water.
Measurement of total cDNA after gel extraction
PicoGreen (Molecular Probes Inc., Eugene, OR) is considered to be a sensitive reagent for detecting dsDNA, such as cDNA, in solution. Following the manufacturer's instructions, a 2-g/ml stock solution of dsDNA in Tris/EDTA (TE) buffer was prepared and samples were diluted 20-fold in DNase-RNase-free Tris/EDTA buffer. One hundred microliters of sample and PicoGreen were added to a 96-well plate and incubated in the dark for 5 min. After incubation, the sample and standards were read using a fluorometer (CytoFlour, PerSeptive Biosystems Inc., Framingham, MA) (excitation ϳ480 nm, emission ϳ520 nm). dsDNA, diluted 2-fold to generate a standard curve of fluorescence vs. DNA concentration, was used to detect the amount of cDNA in the samples.
Real-time PCR
After cDNA synthesis, real-time PCR was performed, using the same primers as in RT-PCR, using Platinum UDG PCR SuperMix (Invitrogen) and SybrGreen I (Molecular Probes) following the manufacturer's instructions. The ␤-actin and iNOS primers were purchased from Maxim Biotech. Positive controls for iNOS and ␤-actin were used to validate the assay. The real-time PCR was performed under the following conditions: 35 cycles of 94 C for 30 sec, annealing at 58 C for 30 sec, and amplification at 72 C for 30 sec with a Bio-Rad iCycler. ␤-Actin mRNA encodes a cytoskeleton protein, which is expressed among almost all cell types. It is widely used to normalize results in real-time RT-PCR assays. On amplification of the target gene, integration of the dsDNA binding dye, SybrGreen I, into the amplification product results in an increase in fluorescence, which is a direct consequence of target amplification during PCR. Direct quantification of the PCR products was performed using the standard curve generated from appropriate standards that had known amounts of cDNA in femtograms. The target gene expression was normalized to ␤-actin.
Detection of nitric oxide
A Greiss assay was used to determine the presence of nitric oxide. In this assay, nitrite, an end product of nitric oxide oxidation, is measured in tissue culture fluid. Greiss assay reagents included 1% (wt/vol) sulfanilamide (Sigma-Aldrich) and 0.1% (wt/vol) naphthylenediamine dihydrochloride (Sigma-Aldrich). Both reagents were dissolved separately in 2.5% phosphoric acid. Immediately after collecting the tissue culture, 50 l of both reagents were added to an equal volume of the culture supernatant in a 96-well round-bottom plate. A serial dilution of sodium nitrite beginning at 1000 m to 0.5 m was used as a standard. Five to ten minutes after adding the reagents, the plates were read on an optical density plate reader set at 550 nm (Molecular Devices). The levels of nitric oxide were calculated using the formula obtained from the standards using SoftMax Pro software (Molecular Devices).
Determination of iNOS and COX-2 protein
Western blot assays were used to detect the iNOS and COX-2 protein levels in cell lysates of placebo and estrogen-treated splenic lymphocytes that were cultured with Con-A (10 g/ml) or Con-A (10 g/ml) plus CTLA-4Ig (15 g/ml). At the end of the incubation period, cells were harvested and resuspended in 15 l of lysis buffer [50 mm Tris (pH 7.4), 300 mm NaCl, 2 mm EDTA (pH 8), 0.5% Triton X-100] and 30 l of freshly added mammalian protease inhibitor cocktail (10 g/ml, Sigma-Aldrich), vortexed, and incubated on ice for 15 min. Fifteen microliters of 2ϫ sample buffer (Laemmli sample buffer; Sigma-Aldrich) were added to the 15 l of lysate and heated at 95 C for 5 min. Samples were electrophoresed on a 12.5% gel at 25 mA constant current until the dye ran off the bottom. The proteins were transferred to polyvinyl difluoride (PVDF) transfer membranes (Amersham Biosciences, Piscataway, NJ) by blotting for 1 h 15 min at 240 mA constant current. After transferring the proteins to a polyvinyl difluoride membrane, it was blocked in 5% milk in TBS-T for 1 h at room temperature. The blot was incubated with anti-iNOS antibody [rabbit polyclonal IgG (sc-650), Santa Cruz Biotechnology Inc., Santa Cruz, CA] and COX-2 primary antibody [rabbit polyclonal IgG (sc-1745), Santa Cruz Biotechnology] diluted in blocking buffer (1:1000) overnight on a rocking platform. The blots were rinsed briefly in TBS-T and then washed three times for 10 min with TBS-T. The secondary horseradish peroxidase-conjugated antibody (antirabbit IgG, 1:2000, Santa Cruz Biotechnology) was applied in blocking buffer to each blot and incubated for 1 h. After blots were washed, they were labeled using an ECL protocol (Amersham Pharmacia Biotech, Piscataway, NJ), and the bands were visualized using a Kodak Image Station (PerkinElmer Life Sciences).
Statistics
Data were analyzed using SAS software (SAS Institute Inc., Cary, NC) at the Laboratory for Study Design and Statistical Service, VirginiaMaryland Regional College of Veterinary Medicine, by coauthor Dr. F. Elvinger. Normality of data was assessed using UNIVARIATE procedure of SAS, and if warranted, data were transformed logarithmically. Treatment and other effects were assessed using the MIXED procedure of SAS, by ANOVA of a split plot model including treatment, date of experiment, and their interactions tested by the main plot error term ID (treatment ϫ date of experiment), with stimulant and stimulant ϫ treatment interaction in the subplot tested by the overall error term. In addition, the general linear model (GLM) procedure of SAS by ANOVA of a split plot model including treatment tested by the main plot error term ID (treatment), with stimulant, time, their interaction, and interactions with treatment in the subplot tested by the overall error term was used to assess treatment and other effects. Significant interactions at P Ͻ 0.05 were further investigated using the SLICE option to test simple main effects. Data are represented as geometric means with sem. Note that graphical representation of Ϯ sems of a geometrical mean is not symmetrical about the mean.
Results

Estrogen induces IFN␥
Consistent with our recently reported studies (30, 31), Con-A-activated splenocytes from estrogen-treated mice tended to have increased levels of IFN␥ when compared with similar cultures from placebo-treated mice [media: not detectable; Con-A: placebo: 2591.9 (sem ϩ557/Ϫ458) pg/ml, estrogen: 6469.9 (sem ϩ1322/Ϫ362) pg/ml after 24 h of culture; n ϭ 15 mice per treatment; P Ͻ 0.05]. It is likely that IFN␥-inducible parameters may also be altered in splenocytes from estrogentreated mice. Therefore, we focused on IFN␥-inducible iNOS and its products.
Activation of splenocytes with T cell stimulation upregulates the levels of nitric oxide in estrogen-treated mice
Activation of splenocytes with a T cell stimulant, Con-A, led to a marked increase in the levels of nitric oxide in cultures from estrogen-treated mice when compared with placebo-treated mice both at 24 h (P Ͻ 0.05) and 48 h (P Ͻ 0.005) of culture (Fig. 1) . The level of nitric oxide in the supernatants of Con-A-activated splenocytes from estrogentreated mice was higher at 48 h of culture, compared with 24 h of culture. It is noteworthy that nitric oxide was not detectable in the supernatants of unstimulated cells of even estrogen-treated mice, implying that T cell activation is necessary for nitric oxide release. Because nitric oxide is not detectable in unstimulated cultured (media only), in subsequent studies we focused on splenocytes that were activated with mitogens (Con-A or anti-CD3 antibodies).
Anti-CD3-activated splenocytes from estrogen-treated mice also demonstrated increased levels of nitric oxide
Next, we used another T cell mitogen, anti-CD3 antibodies, to confirm that activation of splenocytes from estrogentreated mice will induce higher levels of nitric oxide when compared with similar cultures from placebo-treated mice. As is apparent in Fig. 2 , higher levels of nitric oxide were evident only in supernatants of anti-CD3 stimulated splenocytes from estrogen-treated mice, especially in cultures exposed to 1 g/ml of anti-CD3 antibodies (P Ͻ 0.0001). It is also noteworthy that even 10 times lower dose of anti-CD3 antibodies (0.1 g/ml) induced noticeable levels of nitric oxide in splenocytes cultures from estrogen-treated mice but not in similar cultures from placebo-treated mice (P Ͻ 0.0001). Nitric oxide was not detectable in cultures that were left unstimulated (media only) or exposed to control antibodies (data not shown), suggesting that activation is essential for the release of nitric oxide.
Estrogen treatment increases iNOS mRNA expression and iNOS protein in Con-A or anti-CD3-activated splenocytes
Because estrogen increased nitric oxide production in the supernatants of Con-A or anti-CD3-activated splenic lymphocytes from estrogen-treated mice, we next investigated whether this increase in nitric oxide is also reflected at the level of iNOS gene transcription. By real-time PCR analysis, Con-A-activated splenocytes from estrogen-treated mice demonstrated significantly increased levels of expression of the iNOS gene when compared with similar cultures from placebo-treated mice (Fig. 3A , placebo: n ϭ 8, estrogen: n ϭ 8; P Ͻ 0.0001). A representative gel of end products of the real-time PCR assay is shown at the top of this panel. Figure  3B shows a representative melt curve of iNOS expression to confirm a single amplification product in a real-time PCR. Furthermore, the PCR product determined by RT-PCR was Splenocytes from estrogen-or placebo-treated orchiectomized mice were stimulated with Con-A (10 g/ml) or left unstimulated in media, and the level of nitric oxide in the supernatants were determined by a Griess assay at 24 h (n ϭ 14 mice per placebo or estrogen treatment; *, P Ͻ 0.05) and 48 h (n ϭ 13 mice per placebo or estrogen-treatment; **, P Ͻ 0.005). In the supernatants of splenic lymphocytes left unstimulated (media), nitric oxide levels were not detectable. Data are presented as geometric means with SE values.
FIG. 2.
Anti-CD3 activation of splenocytes from estrogen-treated mice induces increased levels of nitric oxide. Splenocytes from estrogen-and placebo-treated mice (n ϭ 5 per treatment) were left unstimulated (media only) or stimulated with various doses of anti-CD3 antibodies (0.1, 1, or 10 g/ml) for 48 h. Higher levels of nitric oxide were evident in the culture supernatants from estrogen-treated mice when compared with similar cultures from placebo-treated mice (***, P Ͻ 0.0001). Data are presented as geometric means with SEs. comparable with the PCR product of real-time PCR (data not shown).
Given that Con-A-or anti-CD3-activated splenocytes from estrogen-treated mice had increased levels of nitric oxide and increased expression of the iNOS gene, we next determined whether iNOS protein is also expressed at a higher level in these cells. Con-A-activated splenocytes from estrogentreated mice had increased expression of iNOS protein, compared with similar cultures from placebo-treated mice ( Fig.  3C , P Ͻ 0.005). Similarly, splenocytes from estrogen-treated mice, when exposed to various doses of anti-CD3 antibodies, also demonstrated increased levels of iNOS protein (Fig. 3D , P Ͻ 0.05). Importantly, exposure of splenocytes to a low dose of anti-CD3 (0.1 g/ml) induced detectable expression of iNOS protein bands only in cells from estrogen-treated mice but not cells from placebo-treated mice (Fig. 3D , P Ͻ 0.05).
Activated splenocytes from estrogen-treated mice had increased nitric oxide-regulated COX-2 protein expression
Several studies have shown that nitric oxide up-regulates levels of COX-2 (38, 39). Given our observation of increased levels of nitric oxide in activated splenocytes from estrogentreated mice, we then determined whether the expression of COX-2 protein levels in these cells was also altered (Fig. 4A) . The relative expression of COX-2 protein was up-regulated in Con-A-activated splenocytes from estrogen-treated mice when compared with controls ( Fig. 4B, P Ͻ 0.05) . Similarly, splenocytes from estrogen-treated mice, when activated with anti-CD3, also had increased expression of COX-2, compared with controls (n ϭ 4 per treatment, data not shown). There was no detectable COX-2 protein in unstimulated (media) splenocytes (data not shown).
Blocking CD28 and B7 molecular interactions inhibits the secretion of IFN␥ and nitric oxide
The importance of molecular interactions of the costimulatory molecules CD28 on T cells with B7.1 (CD80)/B7.2 (CD86) on antigen-presenting cells in the context of IFN␥ and nitric oxide was investigated. Remarkably, blocking the interaction of CD28 with B7 molecules with a CTLA-4Ig fusion protein dramatically decreased the level of IFN␥ in the supernatants (Fig. 5A , P Ͻ 0.0001). The decrease in IFN␥ was evident in both estrogen and placebo-treated samples, indicating the importance of this pathway and the interaction of T cells with antigen presenting cells. Blockade of CD28 and B7 interactions by CTLA-4Ig also significantly decreased the levels of nitric oxide in the supernatants of Con-A-activated splenocytes after 48 h of culture ( Fig. 5B , P Ͻ 0.05). The decrease in IFN␥ and nitric oxide levels due to coculturing with CTLA-4Ig was not due to cytotoxic effects of this fusion protein because the viability of cells that were cultured with and without CTLA-4Ig for 24 h of incubation were comparable (media: placebo ϭ 9. 
Blockade of CD28 and B7 interactions also decreases COX-2 levels
Splenocytes from estrogen-and placebo-treated mice were cultured with Con-A in the presence or absence of CTLA-4Ig to determine the level of COX-2. As expected, Con-A activation of splenocytes from estrogen-treated mice, but not from placebo-treated mice, resulted in increased expression of COX-2 protein (Fig. 5C ). Coculturing with CTLA-4Ig tended to decrease the level of expression of COX-2 ( Fig. 5C; 
PϽ0.05).
The estrogen-induced increase in nitric oxide: role of IFN␥
To demonstrate the importance of IFN␥ in the induction of iNOS and nitric oxide, IFN␥ Ϫ / Ϫ mice were used. In none of the five IFN␥ Ϫ / Ϫ mice that were treated with estrogen (n ϭ 5) or placebo (n ϭ 5), iNOS mRNA was detectable by real-time PCR in Con-A-activated splenocytes (data not shown). Furthermore, there were detectable levels of neither iNOS protein in Con-A-activated splenocytes from estrogen or placebo-treated IFN␥ Ϫ / Ϫ mice (Fig. 6 ) nor nitric oxide in the supernatants of these cultures. Estrogen treatment by itself did not induce iNOS protein expression in unstimulated or Con-A-activated splenocytes. The importance of IFN␥ in the conditional expression of iNOS was also con-FIG. 5. Blocking CD28-B7 molecular interactions inhibits IFN␥ protein, IFN␥-inducible nitric oxide, and COX-2 protein expression. Splenic lymphocytes isolated from estrogen-or placebo-treated gonadectomized male mice were cultured with Con-A (10 g/ml) in the presence or absence of CTLA-4Ig fusion protein (15 g/ml) for 24 or 48 h. The levels of IFN␥ in the supernatants of Con-A-stimulated splenic lymphocytes were significantly decreased in cultures with CTLA-4Ig after 24 h of incubation. This was particularly evident in cultures from estrogen-treated mice (A; Con-A: placebo n ϭ 15 mice, estrogen n ϭ 20 mice; Con-A and CTLA-4Ig: placebo n ϭ 15 mice, estrogen n ϭ 15 mice; ***, P Ͻ 0.0001). Similarly, blocking CD28 and B7 interactions with CTLA-4Ig also abrogated nitric oxide release (B; Con-A: placebo n ϭ 15 mice, estrogen n ϭ 20 mice; Con-A and CTLA4Ig: placebo n ϭ 15 mice, estrogen n ϭ 15 mice; *, P Ͻ 0.05, **, P Ͻ 0.005). IFN␥ and nitric oxide were not detected in supernatants from unstimulated (media) cells. C, COX-2 expression is decreased by CTLA-4Ig inhibition. The top portion shows three representative experiments of COX-2 protein expression in cells stimulated with Con-A or Con-A and CTLA-4Ig or left unstimulated in media for 48 h. The bottom portion shows mean relative densitometry of COX-2 protein expression (placebo: n ϭ 3 mice, estrogen: n ϭ 3 mice; *, P Ͻ 0.05). All data are presented as geometric means with SE bars. firmed after addition of recombinant IFN␥ to Con-A-activated splenocytes. Con-A-activated splenocytes from estrogen-treated IFN␥ Ϫ/Ϫ mice, when exposed to rIFN␥, demonstrated higher levels of iNOS, compared with similar culture from placebo-treated mice (Fig. 6 ). These data demonstrated that IFN␥ promotes iNOS protein, and estrogen does not directly up-regulate iNOS in the absence of IFN␥.
Moreover, we also used estrogen (n ϭ 10) and placebo (n ϭ 10) treatment to IRF-1-deficient mice. The transcription factor, IRF-1, has been shown to be important for optimal secretion of IFN␥ (40). These mice had very low levels of IFN␥ (media: not detectable; Con-A: placebo: 210.97 Ϯ 42.2 pg/ml, estrogen: 413.33 Ϯ 108.3 pg/ml after 24 h of culture; media: not detectable; Con-A: placebo: 670.02 Ϯ 116.6 pg/ml, estrogen: 1432.8 Ϯ 240.5 pg/ml after 48 h of culture; n ϭ 10 per treatment) and undetectable levels of nitric oxide or iNOS. Because these mice are deficient of IRF-1, it is not surprising that these mice had low levels of IFN␥. Estrogen tended to increase IFN␥ in IRF-1 knockouts, although this trend was markedly weaker than that observed in wild-type mice. Overall, these data imply that estrogen-induced expression of iNOS is inducible by IFN␥. Because the above data implied the importance of IFN␥ in induction of iNOS/nitric oxide (rather than direct effect of estrogen induction of iNOS/nitric oxide), we next used wild-type estrogen-treated mice, and splenocytes from these mice were stimulated with a lower dose of Con-A (1 g/ml) in the presence or absence of rIFN␥ (10 ng/ml). Interestingly, stimulation of splenocytes with a lower dose of Con-A (1 g/ml) induced detectable levels of nitric oxide in the supernatants of estrogen-treated wild-type mice, when compared with placebo-treated mice ( Fig. 7 ; P Ͻ 0.05). No nitric oxide was detectable in unstimulated (media) cultures from estrogen or placebo-treated mice. Next, deliberate addition of rIFN␥ to aliquots of these cultures induced nitric oxide (Fig. 7) , indicating that nitric oxide generation is responsive to and dependent on IFN␥.
Discussion
It is now recognized that human exposure to estrogens occurs through multiple means including endogenous, pharmaceutical, and environmental sources (24, 41) . Many studies have clearly shown that the immune system is highly responsive to estrogens (24, 25, 42-45 ). All the major cells of the immune system (T, B, macrophages, and dendritic cells) are potential targets for estrogens. Furthermore, estrogens have been implicated in many inflammatory and autoimmune conditions (24, 25, 29, 43) . Therefore, it is not surprising that studies aimed at understanding the effects of estrogen on the immune system are recognized as being of increasing biomedical importance.
A significant novel observation in this study is that splenocytes from estrogen-treated mice, when exposed to T cell stimulants, release abundant amounts of nitric oxide in supernatants. The levels of nitric oxide in the supernatants of Con-A-activated splenocytes from estrogen-treated mice were particularly high after 48 h of culture. Estrogen appears to sensitize splenocytes to release nitric oxide because splenocytes from estrogen-treated mice, but not from placebo-treated mice, when exposed to even low doses of anti-CD3 antibodies (0.1 g/ml) or Con-A (1 g/ml), induced detectable levels of nitric oxide. The increase in nitric oxide in Con-A or anti-CD3-activated splenocytes from estrogentreated mice is due to estrogen-induced up-regulation of iNOS mRNA (as demonstrated by real-time PCR) and a concomitant increase in iNOS protein (as demonstrated by Western blot assays). Our studies show that one indirect consequence of T cell activation is the release of nitric oxide.
Recent studies have also shown that nitric oxide can induce the expression of COX-2 or prostaglandin H synthase, an enzyme that catalyzes arachadonic acid for the formation of prostaglandin in tissues (46 -48) . For example, studies in mouse skin cells have shown that the suppression of iNOS by specific inhibitors also inhibited COX-2, whereas the addition of nitric oxide donors induced the expression of COX-2 (46) . Similarly, studies in three colon cancer cell lines have shown that nitric oxide also up-regulated the expression of COX-2 (47). Furthermore, nitric oxide is necessary for main- Ϫ / Ϫ ) estrogen-treated mice. Splenic lymphocytes from estrogen-or placebo-treated IFN␥ knockout mice on a C57BL/6 background were cultured with Con-A (10 g/ml), Con-A (10 g/ml) and rIFN␥ (1000 pg/ml), or left unstimulated (media) for 24 h. The iNOS protein expression from estrogen or placebo-treated IFN␥ knockout mice were detected with a Western blot assay. Two representative individual experiments are shown (n ϭ 5 mice per placebo or estrogen treatment).
FIG. 7. Low doses of
Con-A and rIFN␥ increase nitric oxide. Splenic lymphocytes from estrogen-or placebo-treated mice were stimulated with low dose of Con-A (1 g/ml) with or without rIFN␥ (10 ng/ml) for 24 h. Levels of nitric oxide in the supernatants of Con-A and rIFN␥-stimulated splenic lymphocytes were significantly increased (placebo: n ϭ 8 mice, estrogen: n ϭ 8 mice; *, P Ͻ 0.05). Data are presented as geometric means with SE bars.
taining prolonged COX-2 mRNA expression in IFN␥ and lipopolysaccharide-stimulated macrophage cell lines (15, 38) as well as peritoneal macrophages (16) , and iNOS and nitric oxide up-regulated COX-2 in myocardial cells (48) . To our knowledge, the relationship of nitric oxide and COX-2 in immune cells such as splenocytes has thus far not been investigated. Our studies clearly show that Con-A activation of splenocytes up-regulated not only nitric oxide but also COX-2 expression.
It is noteworthy that T cell stimulation was necessary to induce the release of nitric oxide because nitric oxide was not released in unstimulated cultures. It is also of note that interactions of activated T cells with macrophages are essential for enhanced release of nitric oxide. Blocking the molecular interactions of CD28 and B7 molecules with a CTLA-4Ig fusion protein markedly decreased not only IFN␥ secretion but also iNOS mRNA and nitric oxide. Blocking CD28 and B7 interactions also significantly decreased COX-2 levels. We further show that the up-regulation of iNOS/nitric oxide by estrogen is mediated by IFN␥. This cytokine has been known to be up-regulated by estrogen (30 -32, 49). The dependence of nitric oxide on IFN␥ is also evident by the observations that estrogen administration to either IFN␥-deficient mice or IRF-1-deficient mice (which have very low levels of IFN␥) did not up-regulate the levels of nitric oxide or iNOS mRNA.
Moreover, direct addition of recombinant IFN␥ to Con-Aactivated splenocytes from wild-type or IFN␥-deficient mice tended to up-regulate nitric oxide or iNOS protein, respectively.
These data show estrogen priming is necessary for IFN␥ induction of iNOS protein (Fig. 6) . Furthermore, the kinetics of induction of IFN␥ and nitric oxide also suggests that estrogen induces IFN␥ first, which is then followed by nitric oxide. For example, intracellular IFN␥ is readily measured in freshly isolated splenocytes from estrogen-treated mice, and detectable levels of IFN␥ in the supernatants of Con-A-activated splenocytes from estrogen-treated mice become evident as early as 6 h of culture (30). High levels of IFN␥ in cultures of Con-A-activated splenocytes from estrogentreated mice are evident at 24 h of culture (which continue to rise at 48 h of culture). IFN␥ is thought to act on macrophages to up-regulate iNOS gene expression via Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway (Fig. 8) . Nitric oxide or iNOS was not evident in freshly isolated splenocytes. At 24 h of culture, the levels of nitric oxide are detectable and high levels become evident only after 48 h of culture. The enhanced expression of iNOS mRNA and protein in the activated splenocytes does not appear to be due to increased levels of phosphorylated STAT-1. In a separate series of studies, we found that phos- phorylated STAT-1 (pSTAT-1) levels (as demonstrated with cytometric bead array and tyrosine or serine phosphorylation of STAT-1) in activated splenocytes from estrogentreated mice were comparable with placebo-treated controls (Lengi, A. J., E. Karpuzoglu, R. A. Phillips, and S. Ansar Ahmed, submitted for publication).
Several in vitro studies have also shown the effect of estrogen on iNOS or nitric oxide in nonimmune cells such as isolated rat aortic rings, ovine coronary artery cells, rat myocytes, rat uterus and endothelial cells, and macrophage-like cell lines (J774, RAW-264.7) and peritoneal macrophages (50 -55) . Depending on the cell type and stimulus, direct exposure of these cells to estrogen either increased or suppressed iNOS or nitric oxide. For example, estrogen increased iNOS expression in RAW-267.7 cells and peritoneal macrophages (50, 55) or suppressed IL-1-induced iNOS expression in isolated rat aortic cells (52) . Our studies differed from these studies in several important respects. First, to date no studies have been conducted on the in vivo effects of estrogen on IFN␥-inducible iNOS, nitric oxide, and COX-2 by immune cells. Second, our studies examined the consequence of T cell activation in splenocytes by studying the interactions of T cells and macrophages. The use of splenocytes simulates as natural a state as possible, in which lymphocytes (T, B) and antigen-presenting cells (e.g. macrophages, dendritic cells) physically coexist and interact to influence one another. This last point is highlighted by the fact that blocking the interactions of T and antigen-presenting cells through CTLA-4Ig markedly decreased IFN␥ and nitric oxide. Therefore, the costimulation that occurs between antigen-presenting cells and other cell populations in whole cell culture is critical to production of detectable levels of nitric oxide and IFN␥. In this experimental setting, in vivo estrogen treatment did not directly induce iNOS or nitric oxide; rather these effects were mediated through induction of cytokines such as IFN␥ as demonstrated using IFN␥ knockout mice.
These studies provide a new understanding of estrogen modulation of the immune system via release of nitric oxide, especially considering that nitric oxide has potent effects on the immune system including defense against microbial agents, cellular proliferation, apoptosis, and cell survival (2, 56, 57) . Furthermore, one of the downstream nitric oxideinduced events is the induction of COX-2 (17, 47, 48) , which suggests that estrogen also modulates eicosanoid production that is involved in inflammation. Thus, estrogen promotion of inflammation and certain autoimmune diseases may be mediated by proinflammatory IFN␥-mediated events such as induction of iNOS and nitric oxide. Nitric oxide in turn can induce COX-2 ( Fig. 8) , which is largely responsible for prostaglandin E2 secretion (46) . These are new observations that may provide insights into mechanisms of estrogen-induced promotion of inflammatory diseases and aid design of new therapeutic interventions to manipulate levels of nitric oxide (nonsteroidal antiinflammatory drugs). 
